Introduction {#s1}
============

Plants readily absorb cesium when present in the soil mainly through the potassium uptake system in the roots. Potassium is an essential nutrient for plants, a lack of which causes severe growth retardation while cesium has no known beneficial role in plants and its accumulation in the plants inhibits growth. Due to the physicochemical similarities among the alkali metals, cesium and potassium share the same uptake system and cesium competes with potassium at the root surface and disrupts the physiological roles of potassium inside the plant cells ([@B54]). We have recently shown that cesium selectively inhibits potassium intake through a potassium channel complex AKT1-KC1 and the inability of cesium-treated plants to accumulate potassium is the major cause of growth retardation in *Arabidopsis thaliana* ([@B3]). Plants exposed to cesium induce expression of a potassium transporter gene (*HAK5*), a potassium deficiency marker gene, and activate jasmonate (JA) biosynthesis and signalling ([@B1]). Cesium also inactivates proteins by interacting with potassium binding sites and changes a wide variety of gene expression and microRNA processing ([@B19]; [@B42]; [@B43]; [@B27]). Although the natural occurrence of cesium in soils is relatively low, occasional inadvertent release of cesium, most likely radiocesium, through anthropogenic activities such as the nuclear power plant failure at Chernobyl and Fukushima can seriously contaminate soils. Radioactive cesium in the soil is not only harmful for the environment *per se*, but it can also enter and be concentrated in the human food chain *via* plants.

Phytoremediation is a biological remediation method to remove toxic compounds from contaminated land and is considered to be more cost-effective and environmentally-friendly than conventional physical and chemical remediation methods. As phytoremediation utilizes the ability of plants to absorb the metal of interests, it is non-destructive to the soil structure and is particularly preferred in farmland. Plants that accumulated the contaminant are harvested and subject to desiccation and combustion so that the volume of radioactive waste is dramatically reduced compared to the volume involved when physical removal of contaminated soil is deployed ([@B12]). Ideal phytoremediation is enabled when plants 1) accumulate a large amount of the contaminant in the aerial parts and 2) maintain vigorous growth while accumulating the contaminant. For phytoremediation of cesium, a wide variety of plant species have been investigated in the search for a "hyperaccumulator" and biological or chemical factors which improve uptake ability of plants have been tested ([@B6]). Our previous screening effort isolated a chemical compound, methyl cysteinate, which promotes cesium accumulation in plants ([@B2]). However, plants accumulating high levels of cesium suffer stunted growth. It has been known that a plentiful supply of potassium mitigates cesium-induced growth inhibition but only in exchange for reduced cesium accumulation ([@B60]). While the addition of potassium helps to protect agricultural crops from being contaminated with radiocesium, the addition of sulphur resulted in alleviation of growth inhibition by cesium without reduction of cesium accumulation in plants.

The involvement of sulphur metabolism in metal stress response has been well reported ([@B47]; [@B4]). A sulphur-containing metabolite, glutathione (GSH), acts as a strong non-protein antioxidant that protects cells suffering from metal stress which causes oxidative damage ([@B39]). GSH and downstream metabolites, phytochelatins (PCs), also function as metal chelators which then sequestrate the metal into vacuoles upon binding, a common detoxification strategy for heavy metals ([@B21]). Some examples of the interaction between metal stress and the sulphur metabolic pathway in plants are introduced here. Cadmium exposure in Arabidopsis induces expression of genes encoding sulphate transporter (SULTR), serine acetyltransferase (SERAT), γ-glutamylcysteine (γ-Glu-Cys) synthetase (GSH1), and GSH synthetase (GSH2) and in turn increases sulphate uptake and accumulation of cysteine (Cys) and PCs ([@B55]; [@B23]; [@B56]; [@B16]). Chromium has been shown to induce PC synthase genes (*PCS1* and *PCS2*) and increase hydrogen sulfide, Cys and GSH levels, while copper induces *GSH1* and *GSH2* in Arabidopsis ([@B55]; [@B13]). Proteomic analysis has revealed that GSH, PC and glucosinolate biosynthesis pathways are up-regulated during a response to lead in Arabidopsis ([@B59]). Toxic levels of selenium have been demonstrated to induce a series of genes encoding SULTRs and sulphur metabolism enzymes in a selenium-resistant Arabidopsis accession Col-0 but not in a selenium-sensitive accession Ws-2 ([@B51]). Meanwhile, a light metal, sodium, has also been shown to induce a range of *SULTR*s and sulphur metabolism genes in Arabidopsis ([@B7]). In mustard (*Brassica juncea*), sulphur supply has been indicated to alleviate sodium stress through increased GSH accumulation, promoted photosynthesis and reduced ethylene production ([@B14]; [@B36]).

In the present study, we demonstrated that sulphur supply alleviated the deleterious effects of cesium without reducing cesium accumulation in Arabidopsis. This alleviation was not due to increased potassium accumulation or reduced JA production. This alleviation was also not due to well-known metal detoxifying agents, PCs. Instead, we describe that GSH and its biosynthetic intermediates are important for retrieving growth in plants suffering from cesium stress.

Material and Methods {#s2}
====================

Plant Material and Growth Condition {#s2_1}
-----------------------------------

The *A. thaliana* (L.) Heynh. accession Col-0 was used as a wild type. The mutant seeds *sultr1;1* (salk_093256c), *sultr1;2* (salk_122974), *sultr1;3* (salk_018910), *sultr2;1* (salk_109907c), *sultr2;2* (salk_111268c), *sultr3;1* (salk_127024c), *sultr3;2* (salk_023980c), *sultr3;3* (salk_000822c), *sultr3;4* (salk_100362), *sultr3;5* (salk_128559), *sultr4;1* (salk_103873c), *sultr4;2* (salk_103827c), and *cad1*-3 (CS68125) were obtained from the ABRC (Arabidopsis Biological Resource Center, <https://abrc.osu.edu/>) and *aos* (CS6149) and *jar1*-1 (CS8072) were obtained from the NASC (Nottingham Arabidopsis Stock Centre, <http://nasc.nott.ac.uk>). Seeds were surface-sterilized with 70% (v/v) ethanol and 0.05% (v/v) Triton X-100 and sown on media containing 2 mM Ca(NO~3~)~2~, 0.5 mM phosphoric acid, 0.75 mM MgSO~4~, 50 μM H~3~BO~3~, 10 μM MnCl~2~, 2 μM ZnSO~4~, 1.5 μM CuSO~4~, 0.075 μM NH~4~Mo~7~O~24~, and 74 μM Fe-EDTA, pH 5.8 with Ca(OH)~2~, 1% (w/v) sucrose and 1% (w/v) of SeaKem agarose (Lonza) or agarose L03 (TaKaRa) supplemented with designated concentrations of KCl, CsCl and other chemicals. For sulphur supply, CaSO~4~ was supplemented in addition to 0.75 mM MgSO~4~ in the base media to add up to the indicated concentrations. After stratification for three to four days at 4°C, plants were placed in a growth cabinet at 22°C in a 16 h light/8 h dark photocycle with a light intensity of 70--90 μmol m^−2^ s^−1^.

Phenotype Quantification {#s2_2}
------------------------

Aerial phenotype of cesium-treated plants was scored as follows: seedlings with fully expanded green aerial parts were given score 2, those with more than half the number of leaves (cotyledons plus true leaves) showing chlorosis were given score 0 and those with intermediate phenotype given score 1. Primary root lengths were measured on images using ImageJ ([@B46]).

qRT-PCR Analysis {#s2_3}
----------------

Seedlings grown for eight days on media containing 1.75, 0.5 or 0.01 mM KCl with or without 0.3 mM CsCl and additional CaSO~4~ were divided into roots and shoots, flash-frozen in liquid N~2~ and ground using a mixer mill. Total RNA was extracted, treated with DNaseI (Invitrogen) and synthesized into cDNA using SuperScript III (Invitrogen). Quantitative real-time reverse transcription-PCR (qRT-PCR) was performed using THUNDERBIRD SYBR qPCR mix (TOYOBO) and a Mx3000P qPCR system (Agilent Technologies). The amplification conditions were 95°C for 15 s and 60°C for 30 s. The cycle was repeated 40 times, preceded by 95°C for 1 min and followed by a dissociation programme to create melting curves. Three biological replicates each of which contains \>30 seedlings were analyzed. The β-tubulin gene (*TUB2*, At5g62690) was used as a reference gene. The primer sequences for *HAK5*, *VSP2*, *PDF1.2*, *SULTR1;1*, *SULTR1;2*, *SULTR3;1*, *SULTR3;2*, *SULTR3;3*, *SULTR3;4,* and *SULTR3;5* are shown in the previous publications ([@B1]; [@B7]; [@B16]). The rest of the primers used are listed in [**Supplementary Table S1**](#SM1){ref-type="supplementary-material"}.

Elemental Analysis {#s2_4}
------------------

Whole seedlings were washed in Milli-Q water, dried on a paper towel, placed in a paper envelope and dried in an oven at 65°C for three to four days. Typically, 20 to 60 seedlings were pooled as one biological replicate and three biological replicates were analyzed. Approximately 2 mg of dried samples were extracted in 1 ml of 60% (v/v) HNO~3~ at 125°C for 1 h, followed by 1 ml of 30% (v/v) H~2~O~2~ and diluted with Milli-Q water to get a total volume of 10 ml. For potassium and sodium analysis, samples were further diluted 10 and 100 times with 6% (v/v) HNO~3~. For cesium analysis, 0.1% (w/v) KCl was added to each sample and standard solution to prevent ionisation of cesium, according to the manufacturer's instructions (PerkinElmer). Potassium, sodium, and cesium concentrations were measured on a flame atomic absorption spectrometer AAnalyst 200 (PerkinElmer). Concentrations were calculated against each standard curve.

Glutathione and Cysteine Quantification {#s2_5}
---------------------------------------

Whole seedlings were harvested and fresh weights of approximately 20 to 40 seedlings were determined. Flash-frozen samples were ground using a mixer mill, extracted with 10 mM HCl and derivatized with monobromobimane as described previously ([@B34]; [@B37]), followed by HPLC (Shimadzu Corp.) with a Shim-pac FC-ODS column (150 × 4.6 mm, Shimadzu Corp.). The standard chemicals were purchased from Wako Pure Chemical Industries Ltd.

JA Quantification {#s2_6}
-----------------

Quantification of jasmonic acid (JA) and jasmonoyl--isoleucine (JA-Ile) were performed as described previously ([@B28]). Briefly, whole seedlings grown in each condition were freeze-dried and then homogenized in the extraction solution \[80% (v/v) acetonitrile containing 1% (v/v) acetic acid\] with defined amounts of isotopically labelled JA (D~2~-JA) and JA-Ile (^13^C~6~-JA-Ile) as internal standards. After incubation for 12 h at 4°C, the homogenate was centrifuged at 3,000 × g for 20 min. The supernatants were dried using nitrogen gas and dissolved with 1% (v/v) acetic acid solution. After purification of hormones by solid-phase extraction columns (Oasis WAX, Waters), extracts were dried using nitrogen gas and dissolved in 1% (v/v) acetic acid solution. Endogenous hormone levels were determined using a UPLC-MS/MS system consisting of a quadrupole/time-of-flight tandem mass spectrometer (Triple TOF 5600, AB SCIEX) and a Nexera UPLC system (Shimadzu Corp.) as described previously. To calculate plant hormone concentrations from the LC--MS--MS data, a software MultiQuant 2.0 (AB SCIEX) was used.

Statistical Analysis {#s2_7}
--------------------

All statistical analysis were performed using Prism (GraphPad Software). Green score was analyzed with Kruskal-Wallis test with Dunn's multiple comparison posttest using Prism (GraphPad Software) to determine the statistical significance. T-test was performed in order to determine the significant difference of *VSP2* and *PDF1.2* expression in Col-0 grown on media containing 1.75 mM K and 2 mM S compared to control condition (0.75 mM S). All other cases, one-way ANOVA tests with Bonferroni's or Dunnett's multiple comparison tests were used in order to determine the statistical significance.

Results {#s3}
=======

Sulphur Supply Alleviates Cesium Stress in Plants {#s3_1}
-------------------------------------------------

In order to assess the effects of nutrient supply on plants experiencing cesium stress, a plentiful supply of either potassium or sulphur in the form of sulphate was applied to Arabidopsis wild type (Col-0) seedlings. Metal stress usually causes uniform growth inhibition response but with cesium the response is often variable. At a sub-optimal potassium (0.5 mM KCl) with basal sulphur (0.75 mM MgSO~4~) condition, seedlings supplied with cesium (0.3 mM CsCl) showed a characteristic mixed phenotype with some suffering aerial chlorosis and reduced root growth and others only minor growth retardation ([**Figure 1A**](#f1){ref-type="fig"}). The similar phenotype was found in hydroponically grown seedlings. To highlight and quantify this distinctive aerial phenotype caused by cesium, green scoring was introduced and each seedling was given score 0--2 with score 0 being the severest cesium phenotype (see the *Material and Methods* section for the detailed scoring scale, [**Figure 1B**](#f1){ref-type="fig"}). Increasing potassium concentrations to 5 or 10 mM totally cancelled the visible cesium phenotype ([**Figures 1A, B**](#f1){ref-type="fig"}). Increasing the sulphur concentration to 2 mM dramatically improved the health and growth of plants exposed to cesium, however it did not alter cesium-induced *HAK5* expression (*P* \> 0.05, [**Figures 1A**--**C**](#f1){ref-type="fig"}). *HAK5* expression was not altered by sulphur supply in the absence of cesium either (0.77 times expression relative to the control, *P* \> 0.05). Accordingly, potassium concentrations in the plants were not increased by sulphur supply in the presence or absence of cesium ([**Figure 1D**](#f1){ref-type="fig"}). Moreover, sulphur supply did not alter cesium accumulation unlike potassium supply which resulted in a dose-dependent reduction of cesium concentrations in the plants ([**Figure 1E**](#f1){ref-type="fig"}).

![Effects of potassium and sulphur supply on cesium stress. **(A)** Eight-day-old wild type (Col-0) seedlings germinated on media containing indicated concentrations of potassium (K) and sulphate (S) with or without cesium (Cs). **(B)** Percentile green scores for cesium-treated seedlings derived from **(A)**. Statistically significant differences relative to the control cesium condition (0.5 mM K + 0.75 mM S + 0.3 mM Cs) were determined by Kruskal-Wallis test with Dunn's multiple comparison posttest (n \> 38, *P* \< 0.001). Examples of a seedling with each score are provided next to the score legend. **(C)** Expression of *HAK5* in Col-0 grown on media containing 1.75 mM K and 0.3 mM Cs with or without 2 mM S for eight days. Values are log~2~ ratios relative to expression in the control seedlings grown in the absence of cesium (1.75 mM K + 0.75 mM S). Statistically significant differences were determined by one-way ANOVA with Bonferroni's multiple comparison posttest (n = 3, \*\* for *P* \< 0.01, \*\*\* for *P* \< 0.001). **(D)** K and **(E)** Cs concentrations in seedlings derived from **(A)**. Statistically significant differences were determined by one-way ANOVA with Bonferroni's multiple comparison posttest (n = 3, ^\#\#\#^ for *P* \< 0.001 relative to the non-cesium control, \*\* for *P* \< 0.01, \*\*\* for *P* \< 0.001 relative to the cesium-treated control) and error bars represent the SE.](fpls-10-01711-g001){#f1}

Sulphur Supply Alleviates Sodium Stress but Not Potassium Deficiency Response {#s3_2}
-----------------------------------------------------------------------------

Being an alkali metal, sodium is also known to compete with potassium and initiates a potassium deficiency response in plants. Increasing concentrations of sodium inhibited root growth in a dose-dependent manner but 2 mM sulphur supply mitigated this growth inhibition ([**Figure 2A**](#f2){ref-type="fig"}). However, this growth mitigation was not due to altered potassium or sodium concentrations in the plants ([**Figures 2B, C**](#f2){ref-type="fig"}). In contrast, 1--2 mM sulphur supply could not recover potassium deficiency phenotype or the reduced levels of potassium accumulation in plants ([**Figures 2D, E**](#f2){ref-type="fig"}).

![Effects of sulphur supply on sodium stress and potassium deficiency response. **(A)** Root lengths of the wild type (Col-0) grown on media containing optimal potassium (1.75 mM K) and the indicated concentrations of sodium (Na) and sulphate (S) for eight days. Statistically significant differences between the basal (0.75 mM) and abundant (2 mM) S treatments at each Na concentration were determined by one-way ANOVA with Bonferroni's multiple comparison posttest and marked with asterisks (n \> 30, *P* \< 0.01). Error bars represent the SE. **(B)** K and **(C)** Na concentrations in seedlings derived from **(A)**. No statistical difference between the basal and abundant S treatments at each Na concentration was determined by one-way ANOVA with Bonferroni's multiple comparison posttest (n = 3) and error bars represent the SE. **(D)** Root lengths and **(E)** K concentrations of Col-0 grown in the optimal K condition or K deficiency (10 μM) with the indicated concentrations of S for eight days. A statistically significant difference relative to those treated with potassium deficiency and the basal S condition was determined by one-way ANOVA with Bonferroni's multiple comparison posttest and marked with asterisks (n \> 32 for root lengths, n = 3 for K concentrations, *P* \< 0.001). Error bars represent the SE.](fpls-10-01711-g002){#f2}

Sulphate Transporters Do Not Seem to be Involved in Cesium Stress Alleviation by Sulphur Supply {#s3_3}
-----------------------------------------------------------------------------------------------

Sulphur-induced alleviation of cesium response in plants was not because sulphur could reverse a potassium accumulation loss that was caused by cesium or sodium. To test whether increased sulphur uptake and translocation in the cells are responsible for cesium stress alleviation, gene expression of *SULTR*s was analyzed. Expression of genes encoding high-affinity sulphate transporters, SULTR1;1 and SULTR1;2, or that of a gene encoding a low-affinity sulphate transporter, SULTR2;2 ([@B50]; [@B57]), was not altered in roots treated with cesium relative to those on the optimal potassium condition (1.75 mM KCl, [**Figure 3A**](#f3){ref-type="fig"}). In contrast, expression of *SULTR3;5* responsible for the root-to-shoot sulphate transport ([@B29]) was mildly induced in response to cesium. A complete expression pattern of all *SULTR*s in roots and shoots treated with cesium and sulphur supply in a sub-optimal potassium condition (0.5 mM KCl) is shown in [**Supplementary Figure S1**](#SM1){ref-type="supplementary-material"}.

![Involvement of sulphate transporters (SULTRs) in cesium response. **(A)** Expression of *SULTR1;1*, *SULTR1;2*, *SULTR2;2* and *SULTR3;5* in the roots of the wild type (Col-0) grown on media containing 1.75 mM potassium (K) and 0.3 mM cesium (Cs) with or without 2 mM sulphate (S) for eight days. Values are log~2~ ratios relative to expression in the control seedlings grown in the absence of cesium (1.75 mM K + 0.75 mM S). Statistically significant differences were determined by one-way ANOVA with Bonferroni's multiple comparison posttest and marked with asterisks (n = 3, *P* \< 0.05). **(B)** Percentile green scores (left axis) and average scores (right axis, closed circles) for *sultr* mutants treated with 0.5 mM K, 0.75 mM S and 0.3 mM Cs for eight days. No statistical difference relative to Col-0 was determined by Kruskal-Wallis test with Dunn's multiple comparison posttest (n \> 60). **(C)** K and **(D)** Cs concentrations in seedlings derived from **(B)**. Statistically significant differences were determined by one-way ANOVA with Bonferroni's multiple comparison posttest (n = 3, \* for *P* \< 0.05, \*\*\* for *P* \< 0.001 relative to Col-0) and error bars represent the SE.](fpls-10-01711-g003){#f3}

To further investigate the role of SULTRs in cesium stress alleviation, insertional mutants of each *SULTR* were analyzed for cesium response and compared with the wild type. There was no statistical difference recognized in terms of green score and potassium accumulation between *sultr* mutants and the wild type ([**Figures 3B, C**](#f3){ref-type="fig"}). Interestingly, *sultr1;3*, *sultr4;1,* and *sultr4;2* were shown to accumulate more cesium ([**Figure 3D**](#f3){ref-type="fig"}). *sultr* mutants did not show altered phenotypic response to potassium deficiency relative to the wild type although *SULTR1;2*, *SULTR3;1,* and *SULTR3;5* were up-regulated in roots under potassium deficiency ([**Supplementary Figure S1**](#SM1){ref-type="supplementary-material"}).

GSH and Its Biosynthetic Intermediates, but Not PCs, Are Important for Cesium Stress Alleviation {#s3_4}
------------------------------------------------------------------------------------------------

Expression of sulphate metabolism genes was analyzed to understand which forms of sulphur-containing metabolites were important for cesium stress alleviation. Sulphate, once absorbed by plants, goes through a sequential assimilative reduction reaction and is synthesized into Cys. Serine acetyltransferase (SERAT) and *O*-acetlyserine(thiol)lyase (OASTL) are the two classes of proteins involved in Cys synthesis ([@B22]; [@B31]). *SERAT2;1*, a gene encoding one of three major SERATs ([@B31]), and *OASTLa*, a gene encoding a cytosolic form of OASTL ([@B26]), were not responsive to cesium in both roots and shoots ([**Figure 4**](#f4){ref-type="fig"}). GSH is synthesized through a sequential addition of glutamic acid (Glu) and glycine (Gly) to Cys by the function of GSH1 and GSH2, respectively ([@B33]; [@B52]) while PCs are synthesized from GSH by the action of PCS1 and PCS2 ([@B24]; [@B8]). Expression analysis revealed that *GSH2* was induced and *PCS1* was reduced in response to cesium in shoots and these alterations were more profound in shoots treated with cesium together with a supply of sulphur ([**Figure 4**](#f4){ref-type="fig"}).

![Expression of sulphur metabolism genes in response to cesium. Gene expression in roots **(A)** and shoots **(B)** of the wild type (Col-0) grown on media containing 1.75 mM potassium (K) and 0.3 mM cesium (Cs) with or without 2 mM sulphate (S) for eight days. Values are log~2~ ratios relative to expression in the control seedlings grown in the absence of cesium (1.75 mM K + 0.75 mM S). Statistically significant differences were determined by one-way ANOVA with Bonferroni's multiple comparison posttest (n = 3, \* for *P* \< 0.05, \*\* for *P* \< 0.01).](fpls-10-01711-g004){#f4}

Next, internal levels of Cys, GSH and PCs were determined in the seedlings treated with cesium and sulphur supply. In consistency with *GSH2* expression ([**Figure 4B**](#f4){ref-type="fig"}) and our previous results ([@B2]), cesium treatment increased both Cys and GSH but sulphur supply did not ([**Figures 5A, B**](#f5){ref-type="fig"}). PC2 and PC3 levels were below detection limits in all the conditions tested. Exogenous application of GSH indeed alleviated aerial chlorosis caused by cesium to the degree equivalent to the sulphur supply ([**Figures 5C, D**](#f5){ref-type="fig"}). A mutant defective in PC synthesis, *cad1*-3 ([@B24]) showed a wild type-like response to cesium and this phenotype was also recovered to the same degree as the wild type by GSH treatment in excellent agreement with the *PCS* expression patterns and PC quantification results ([**Figures 4B** and **5C**, **D**](#f4){ref-type="fig"}).

![Effects of glutathione on cesium stress. **(A)** Cysteine (Cys) and **(B)** Glutathione (GSH) levels in the wild type (Col-0) germinated and grown on media containing 0.5 mM potassium (K) with or without 0.3 mM cesium (Cs), 300 μM buthionine sulphoximine (BSO) and indicated concentrations of sulphate (S) for eight days. Alphabetical letters show statistical differences (*P* \< 0.01) determined by one-way ANOVA with Bonferroni's multiple comparison posttest. **(C)** Eight-day-old Col-0 and *cad1*-3 seedlings germinated on media containing 0.5 mM K and 0.3 mM Cs with or without 100 μM GSH. **(D)** Percentile green scores for cesium-treated seedlings derived from **(C)**. Statistically significant differences relative to the control cesium condition for each line were determined by Kruskal-Wallis test with Dunn's multiple comparison posttest and marked with asterisks (n \> 40, *P* \< 0.001). No statistical difference was observed between Col-0 and *cad1*-3 of the same treatment.](fpls-10-01711-g005){#f5}

To further define the crucial sulphur-containing metabolites for cesium stress alleviation, the effects of 100 μM Glu, Cys or Gly on plant growth were investigated. Glu stunted primary root growth and increased secondary root structures both in the presence and absence of cesium ([**Figure 6A**](#f6){ref-type="fig"}). Upon calculating green score, the percentage of the seedlings with score 0 decreased by treatment with any of these three amino acids and that with score 2 increased by Cys or Gly supplementation but these changes were not statistically significant relative to the non-amino acid supplemented control ([**Figure 6B**](#f6){ref-type="fig"}). Next, concomitant treatments of Glu, Cys, Gly and γ-Glu-Cys were tested. Applying Glu together with Cys dramatically recovered cesium phenotype ([**Figures 6C, D**](#f6){ref-type="fig"}) to the same degree as with sulphur supply ([**Figures 1A, B**](#f1){ref-type="fig"}). A single application of γ-Glu-Cys stunted plant growth in general in the absence of cesium while it strongly alleviated cesium-induced aerial chlorosis ([**Figures 6C, D**](#f6){ref-type="fig"}). Concomitant application of Glu, Cys and Gly or γ-Glu-Cys and Gly also alleviated cesium stress. Interestingly, Glu- or γ-Glu-Cys-induced growth inhibition was somehow attenuated by addition of Gly. Buthionine sulphoximine (BSO) is a specific inhibitor of GSH1 ([@B17]). Three hundred μM of BSO treatment caused occasional stunting, partial loss of root gravitropism and aerial chlorosis independent of the effects caused by cesium ([**Figure 6C**](#f6){ref-type="fig"}, indicated by red arrows) and the seedlings displaying these symptoms were excluded from green scoring. Moreover, the alleviation effects of concomitant treatments among Glu, Cys, γ-Glu-Cys, and Gly against cesium stress were not disrupted by the addition of BSO. Effectiveness of BSO was confirmed by measuring GSH levels in the seedlings treated with cesium and BSO ([**Figure 5B**](#f5){ref-type="fig"}). Meanwhile, BSO treatment did not alter the internal Cys level ([**Figure 5A**](#f5){ref-type="fig"}).

![Effects of glutathione biosynthetic intermediates on cesium stress. **(A)** Eight-day-old wild type (Col-0) seedlings germinated on media containing 0.5 mM potassium (K) with or without 0.3 mM cesium (Cs) and 100 μM glutamic acid (Glu), cysteine (Cys) or glycine (Gly). **(B)** Percentile green scores for cesium-treated seedlings derived from **(A)**. No statistical difference relative to the control cesium condition (0.5 mM K + 0.75 mM S + 0.3 mM Cs) was determined by Kruskal-Wallis test with Dunn's multiple comparison posttest (n \> 20). **(C)** Eight-day-old Col-0 seedlings germinated on media containing 0.5 mM K and the indicated concentrations of Cs, Glu, Cys, Gly, γ-glutamylcysteine (γ-Glu-Cys) and buthionine sulphoximine (BSO). Red arrows indicate the distinct growth retardation phenotype the production of which is occasionally provoked by BSO treatment. **(D)** Percentile green scores for cesium-treated seedlings derived from **(C)**. Statistically significant differences relative to the control cesium condition were determined by Kruskal-Wallis test with Dunn's multiple comparison posttest and marked with asterisks (n \> 31, *P* \< 0.001).](fpls-10-01711-g006){#f6}

Sulphur-Induced Alleviation of Cesium Stress Is Independent of JA Biosynthesis and Signalling {#s3_5}
---------------------------------------------------------------------------------------------

JA-responsive genes, *VSP2* and *PDF1.2*, have previously been confirmed as being induced in response to cesium ([@B1]) and improved tolerance to alkaline stresses caused by JA has been linked to the ascorbate GSH cycle and glyoxylase metabolism ([@B35]). Cesium treatment with or without sulphur supply induced *VSP2* in shoots by 3.6 and 2.0 times, respectively, relative to the non-cesium control but the induction was not statistically significant for the concomitant treatment of cesium and sulphur supply ([**Figure 7A**](#f7){ref-type="fig"}). This reduced level of *VSP2* during concomitant treatment could be due to the reduction of *VSP2* by sulphur supply alone (0.28 times) although it was not statistically significant ([**Figure 7B**](#f7){ref-type="fig"}). On the other hand, *PDF1.2* was dramatically up-regulated in shoots treated with cesium alone or together with sulphur supply (333 and 576 times induction, respectively, [**Figure 7A**](#f7){ref-type="fig"}). *PDF1.2* was found to be induced by 6.0 times in response to sulphur supply alone also ([**Figure 7B**](#f7){ref-type="fig"}). There was no statistical difference between cesium treatments alone and together with sulphur supply for expression of both *VSP2* and *PDF1.2*. Consistently, internal concentrations of jasmonic acid and jasmonyl--isoleucine were markedly increased in response to cesium, and sulphur supply did not alter these levels ([**Figures 7C, D**](#f7){ref-type="fig"}). The expression patterns of GSH metabolism-related genes, such as glyoxylase1 (At1g11840), glyoxylase4 (At1g15380), and glutathione-S-transferase24 (At1g17170) were analyzed in response to 0.3 mM cesium with or without 2 mM sulphur supply. However, expression of these genes was not altered by Cs treatment ([**Supplementary Figure S2**](#SM1){ref-type="supplementary-material"}). JA biosynthesis mutants defective in allene oxide synthase, *aos* ([@B40]), and jasmonate-amido synthetase, *jar1*-1 ([@B49]), were also analyzed for cesium response and recovery by GSH. Green scores for *aos* and *jar1*-1 treated with cesium in the absence of sulphur supply were comparable to those of the wild type. Recovery from the inhibitory effects of cesium was observed by addition of γ-Glu-Cys or GSH for both of the mutants, although the degree of recovery for *jar1*-1 by γ-Glu-Cys was somewhat compromised ([**Figure 7E**](#f7){ref-type="fig"}).

![Interaction of cesium stress alleviation by sulphur with jasmonate biosynthesis and signalling. **(A)** Expression of *VSP2* and *PDF1.2* in the wild type (Col-0) grown on media containing 1.75 mM potassium (K) and 0.3 mM cesium (Cs) with or without 2 mM sulphate (S) for eight days. Values are log~2~ ratios relative to expression in the control seedlings grown in the absence of cesium (1.75 mM K + 0.75 mM S). Statistically significant differences were determined by one-way ANOVA with Bonferroni's multiple comparison posttest (n = 3, \* for *P* \< 0.05, \*\*\* for *P* \< 0.001). **(B)** Expression of *VSP2* and *PDF1.2* in Col-0 grown on media containing 1.75 mM K and 2 mM S for eight days. Values are log~2~ ratios relative to expression in the control seedlings grown in the basal S condition (0.75 mM). A statistically significant difference was determined by t-test and marked with an asterisk (n = 3, *P* \< 0.05). **(C)** Jasmonic acid (JA) and **(D)** Jasmonyl-isoleucine (JA-Ile) concentrations in Col-0 grown on media containing 0.5 mM K with or without 0.3 mM Cs and 2 mM S for eight days. Statistically significant differences were determined by one-way ANOVA with Bonferroni's multiple comparison posttest (n = 6, \* for *P* \< 0.05, \*\* for *P* \< 0.01 relative to the control seedlings grown in the basal S condition without Cs) and error bars represent the SE. **(E)** Percentile green scores for Col-0, *aos* and *jar1*-1 grown on media containing 0.5 mM K and 0.3 mM Cs with or without 100 μM γ-glutamylcysteine (γ-Glu-Cys) or glutathione (GSH) for eight days. Statistically significant differences relative to the control cesium condition (0.5 mM K + 0.75 mM S + 0.3 mM Cs) for each line were determined by Kruskal-Wallis test with Dunn's multiple comparison posttest (n \> 19, \*\* for *P* \< 0.01, \*\*\* for *P* \< 0.001). No statistical difference was observed between Col-0 and the mutants of the same treatment.](fpls-10-01711-g007){#f7}

Discussion {#s4}
==========

Successful phytoremediation relies upon efficient absorption of the contaminant while at the same time maintaining vigorous plant growth, which means tolerance to the contaminant. Radiocesium contamination in soils poses a serious risk to humans and the environment but while potassium supply, a conventional method, is known to recover the healthy growth of the plants exposed to high concentrations of cesium, it causes a reduction in cesium accumulation in the plants, which is not helpful in terms of soil decontamination. Here we report that sulphur supply alleviates cesium-induced growth inhibition without compromising its accumulation in the plants. Increasing the basal level of sulphate (0.75 mM) up to 1.5 mM was not sufficient to reverse the cesium effects but up to 2 mM significantly recovered growth retardation caused by cesium ([**Figure 1**](#f1){ref-type="fig"}). Increased potassium supply was demonstrated to confer "seeming" cesium tolerance by reducing cesium accumulation as well as reducing the degree of cesium-induced potassium loss, in turn resulting in lower cesium/potassium ratios. By contrast, with an abundant supply of sulphur, cesium and potassium concentrations were not altered, suggesting that sulphur supply enhanced "true" tolerance to cesium in the plants. This observation was reinforced by gene expression analysis of a potassium deficiency marker gene, *HAK5*, cesium-induce expression of which was not decreased by sulphur supply, indicating that the degree of potassium deficiency perceived by the plants was not eased. Similarly, sodium stress was alleviated by sulphur supply without altering sodium or potassium concentrations in the plants ([**Figure 2**](#f2){ref-type="fig"}). Improved salt tolerance achieved by high levels of sulphur supplementation has previously been reported in soil-grown mustard but sodium accumulation was shown as being reduced by 100--200 mg sulphur kg^−1^ soil in these cases ([@B14]; [@B15]). Both cesium and sodium are known to compete with potassium and to initiate a potassium deficiency response in plants, however, sulphur supply did not alleviate potassium deficiency stress. These results suggest that an addition of sulphur somehow helps plants acquire tolerance to the toxic metals but cannot reverse a lack of an essential nutrient.

Since sulphur supply-induced alleviation of cesium stress is not due to reduced levels of cesium or increased levels of potassium, expression of *SULTRs* was tested. Expression of genes encoding high-affinity sulphate transporters in roots, SULTR1;1 and SUTLR1;2, is known to be induced by sulphate starvation ([@B50]; [@B57]). These transcripts have also been shown to be increased in response to cadmium and sodium stress ([@B7]; [@B56]; [@B16]). However, *SULTR1;1* and *SULTR1;2* were not induced in response to cesium stress but *SULTR1;2* was rather reduced by cesium treatment in the presence of sulphur supply in the optimal potassium condition ([**Figure 3**](#f3){ref-type="fig"}). A low-affinity sulphate transporter gene, *SULTR2;2*, known to be low sulphate-inducible ([@B50]) was also not up-regulated in response to cesium stress. Instead, *SULTR3;5* was mildly induced in response to cesium stress. SULTR3;5 has been reported as being responsible for root-to-shoot transport of sulphate only in the presence of a low-affinity sulphate transporter SULTR2;1 ([@B29]), although our data indicated no altered expression for *SULTR2;1* in response to cesium ([**Supplementary Figure S1**](#SM1){ref-type="supplementary-material"}). Mutants for each of the *SULTR* genes were analyzed for cesium response but no phenotypic difference was observed relative to the wild type ([**Figure 3**](#f3){ref-type="fig"}). There was a tendency for higher accumulation of potassium and cesium in *sultr4;1* and *sultr4;2* mutants although potassium accumulation was not statistically significant. SULTR4;1 and SULTR4;2 have been shown to facilitate sulphate efflux from the vacuoles to maintain optimal cellular concentrations of sulphate and the *sultr4;1 sultr4;2* double mutant demonstrates over-accumulation of sulphate in roots ([@B30]). It is possible that this higher accumulation of sulphate in the mutants promoted higher accumulation of cesium and potassium in our system. Overall, SULTRs did not appear to participate much in cesium stress alleviation, unlike other metal stress response. By contrast, *SULTR1;2*, *SULTR3;1,* and *SULTR3;5* were found to be induced in response to potassium deficiency although none of the single mutants for these genes or any of the other *SULTR* genes showed altered response to potassium deficiency ([**Supplementary Figure S1**](#SM1){ref-type="supplementary-material"}). This transcriptional induction could be due to a general nutrient deficiency response where deficiency of a nutrient triggers transport/metabolism/signalling of another nutrient ([@B45]).

Our results highlight that SULTRs and altered sulphate uptake are unlikely to be involved in alleviation of cesium stress, suggesting that it is the downstream metabolic pathways that are important. Various sulphur metabolism genes have previously been indicated as being induced in response to heavy metal stress or sodium stress ([@B55]; [@B23]; [@B51]; [@B59]), however, expression of *SERAT2;1*, *OASTLa* and *GSH1* was not altered either in roots or shoots in response to cesium stress ([**Figure 4**](#f4){ref-type="fig"}). In contrast, expression of a GSH synthetase gene, *GSH2*, was mildly induced in response to cesium and concomitantly with sulphur supply suggesting an accumulation of GSH. PCs are a common detoxification agent for heavy metals and PC synthase genes, *PCS1* and *PCS2*, have been shown to be induced by chromium and lead ([@B13]; [@B59]). Under cesium stress, however, these transcripts were not induced but *PCS1* was reduced in shoots with or without sulphur supply instead. Indeed, an increase of PC levels were not detected in response to cesium. This point was reinforced by observation of *cad1*-3 mutant carrying a point mutation in *PCS1* which makes plants sensitive to cadmium ([@B24]). The degree of cesium response in *cad1*-3 was comparable to that of the wild type ([**Figure 5**](#f5){ref-type="fig"}), indicating that PCs are not important for alleviation of cesium stress. As GSH is the direct precursor of PCs and PCS1 is the major form of PC synthetase ([@B5]), our results further suggest increased accumulation of GSH in cesium-treated plants. An increase of GSH levels has been reported in plants exposed to sodium, cadmium, chromium and zinc ([@B38]; [@B14]; [@B36]; [@B13]; [@B41]). In agreement with our hypothesis, GSH levels were increased in the plants suffering from cesium stress and exogenous application of GSH to the cesium-exposed plants could alleviate the growth retardation effects of cesium to the same degree as with sulphur supply ([**Figure 5**](#f5){ref-type="fig"}). Moreover, *cad1*-3 displayed a wild type-like response to GSH-induced alleviation of cesium effects, confirming that this alleviation event is dependent on GSH but independent of PCs. Consistently, treatments with concomitant supplementation of Glu and Cys together (or their synthetic product, γ-Glu-Cys) with or without Gly, which lead to GSH synthesis, could alleviate cesium stress to the level achieved through sulphur supply ([**Figure 6**](#f6){ref-type="fig"}). Accumulation of γ-Glu-Cys has been demonstrated to inhibit plant growth in a JA-dependent manner ([@B53]) but this growth inhibition did not affect the alleviation effects of γ-Glu-Cys for cesium. An addition of Gly attenuated this growth inhibitory effects of γ-Glu-Cys possibly through pushing the reaction forward towards the direction of GSH synthesis so that γ-Glu-Cys was not accumulated. By contrast, the alleviation effects of single supplementation of Glu, Cys or Gly were observed but rather limited ([**Figure 6**](#f6){ref-type="fig"}). To our surprise, and intriguingly in a way, inhibition of GSH synthesis did not cancel the alleviation effects of GSH precursors. As a mutation in *GSH2* causes seedling lethality (*gsh2*-T, according to the description provided by the ABRC), a specific inhibitor of the function of GSH1 ([@B17]), BSO, was employed. BSO-treated plants cannot synthesize Glu and Cys into γ-Glu-Cys and decreased accumulation of GSH was observed in the seedlings treated with cesium and BSO ([**Figure 5**](#f5){ref-type="fig"}). In theory, a concomitant treatment with Glu, Cys and BSO should not provide an alleviation effect if GSH was the sole alleviator of cesium stress, but this was not the case. Besides, BSO treatment alone somewhat alleviated cesium stress although it was not statistically significant. These findings strongly suggest that not only GSH but also GSH precursors, when concomitantly treated, have their own alleviatory function or feed into the pathways other than GSH synthesis which produce alleviatory effects against cesium stress. Our previous metabolic profiling has revealed a marked increase of Cys in both roots and shoots, as well as Glu and Gly to a lesser extent in shoots, in cesium-treated plants ([@B2]). Cys and its derivative, methyl cysteinate, were also demonstrated to be capable of chelating with cesium and functioning as cesium accumulators in plants ([@B2]). A dramatic increase of Cys in response to cesium was confirmed in the current study but interestingly, BSO treatment did not further increase Cys ([**Figure 5**](#f5){ref-type="fig"}), suggesting that accumulated Cys was quickly turned into other metabolites which might also have an alleviation effect. Together, it can be speculated that plants exposed to cesium accumulate GSH and its biosynthetic intermediates as a detoxification measure to protect the cells from the deleterious effects of cesium and exogenous application of sulphur-containing compounds can help the plants better perform this procedure.

We have previously shown that JA responsive genes, *VSP2* and *PDF1.2*, are induced in response to cesium stress and JA biosynthesis and signalling mutants, *aos* and *coi1*-16, display increased tolerance against cesium in terms of root growth inhibition ([@B1]). This indicates that cesium inhibits root growth through JA biosynthesis and signalling pathways. In order to test whether sulphur supply could turn down the JA pathways, JAs were quantified. Treatment with cesium dramatically increased JA and JA-Ile accumulation in the plants and consistently induced *VSP2* and *PDF1.2* expression ([**Figure 7**](#f7){ref-type="fig"}). Sulphur supply neither decreased accumulation of JAs nor reduced expression of JA responsive genes, suggesting that sulphur supply does not alleviate cesium stress by reducing JA production. Interaction between JA pathways and sulphur metabolism has been documented in certain aspects: a positive regulator and a key transcription factor of JA signalling, MYC2, activates *GSH1 via* direct binding on its promoter ([@B58]) and GSH is the key regulator of JA pathway ([@B32]; [@B20]). Exogenous application of JAs induces a series of sulphur metabolism genes including *GSH1* and *GSH2* and increases Cys and GSH levels in the plants ([@B25]; [@B44]). Conversely, GSH application induces a wide variety of JA synthesis and signalling genes ([@B20]; [@B18]; [@B9]). However, jasmonate biosynthesis mutants, *aos* and *jar1*-1, showed a wild type-like aerial phenotype to cesium and recovery from cesium stress by GSH and γ-Glu-Cys albeit to a lesser extent for *jar1*-1 by γ-Glu-Cys ([**Figure 7**](#f7){ref-type="fig"}). These findings imply that cesium stress alleviation by GSH and its precursors does not rely on alteration in JA synthesis and, at the same time, is not disrupted by inability of JA synthesis.

Taken all together, GSH and its biosynthetic intermediates, but not PCs, have a capacity to mitigate cesium stress and this mitigation is independent of alteration in potassium/cesium accumulation. A predicted model is given in [**Figure 8**](#f8){ref-type="fig"}. Plants exposed to cesium possibly promote root-to-shoot transport of sulphate by the function of SULTR3;5, accumulate Cys as well as Glu and Gly and increase GSH accumulation through induction of *GSH2* and reduction of *PCS1* in shoots to overcome cesium-induced aerial chlorosis and growth retardation. GSH biosynthetic intermediates also have alleviatory effects against cesium as they are or in as-yet-unknown pathways. It is well known that an increase of GSH helps to detoxify the reactive oxygen species (ROS) which were elevated by various abiotic stresses including alkaline metal stresses ([@B10]). It is possible that alleviation effects of cesium stress by GSH or Cys results from their thiol residues which have a potential to reduce ROS caused by Cs stress. However, our preliminary observation could not recognize ROS accumulation in response to cesium while ROS accumulation was clearly observed in the plants experiencing potassium deficiency ([**Supplementary Figure S3**](#SM1){ref-type="supplementary-material"}) as described before ([@B48]). As sulphur supply alleviates sodium stress but not potassium deficiency stress, this alleviation is not due to the recovery effects against a general nutrition deficiency by another nutrition supply but potentially due to the detoxification effects against xenobiotics. GSH is also known to conjugate with xenobiotics including toxic metals with the aid of GSH *S*-transferases (GSTs) and to sequestrate them into the vacuoles ([@B11]; [@B21]). As GSTs constitute a large gene family in Arabidopsis, it is intriguing to investigate whether cesium is conjugated with GSH and detoxified by one of the GSTs. It would also be interesting to reveal the mechanism by which GSH biosynthetic precursors alleviate cesium stress independently of GSH biosynthesis.

![Proposed model for interaction between cesium response and sulphur-mediated alleviation. The genes denoted in italics are the ones whose expression was investigated in this study. The transcripts and the metabolites indicated in red and blue were shown in this study or the previous study ([@B2]) to be increased or decreased, respectively, in response to cesium. The metabolites in green boxes are the ones with an ability to alleviate cesium-induced aerial chlorosis. The pathway in grey was proposed not to be involved.](fpls-10-01711-g008){#f8}
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